adverse reactions to metal debris; hip arthroplasty; magnetic resonance imaging; metal-on-metal hip prosthesis; PET/CT Metal-on-metal (MoM) bearings in total hip arthroplasties and hip resurfacing arthroplasties have recently shown a new type of complication: adverse reactions to metal debris (ARMD). ARMD is characterized by local severe inflammation and tissue necrosis leading to implant failures. The gluteal muscle region is important for the patient outcome after revision surgery. This prospective positron emission tomography/computed tomography (PET/CT) study was undertaken to evaluate the characteristics of 2-deoxy-2-[ 
Introduction
Hip arthroplasty is one of the most successful surgical procedures and is associated with a low prevalence of complications (Learmonth et al., 2007) . One of the most critical issues is the selection of articulating bearing surfaces (Rajpura et al., 2014) . Metal-on-metal (MoM) bearings have been designed to improve endurance (Bozic et al., 2012) . Over 1 million patients worldwide have received MoM bearings, either in the form of hip resurfacing arthroplasty or total hip arthroplasty (THA). Reported complications associated with hip prostheses using MoM bearings have been unexpected (Rising et al., 2012) . Compared with alternative types of bearings, hip prostheses with MoM bearings have shown a 2-3-times higher prevalence of failure and ≤30% prevalence of reoperation at 10 years (Murray et al., 2012; Smith et al., 2012) . This is well above the current standard; the prevalence of failure should be ≤5% at 10 years. Certain MoM hip prostheses have been withdrawn from the market, whereas those with the bestregistered record of survival remain in use.
Early failures of hip prostheses with MoM bearings are due to an entirely new complication: adverse reactions to metal debris (ARMD). This term is used for varying degrees of local tissue reactions in and around the joint: acute and chronic inflammation, necrosis and fibrin deposition (Langton et al., 2011; Mittal et al., 2013) . The pathophysiology of ARMD is multifactorial and may be due (at least in part) to a hypersensitivity reaction (Pandit et al., 2008) . There are no definitive diagnostic criteria for ARMD.
Metal artefact reduction sequence-magnetic resonance imaging (MARS-MRI) can be used to detect the characteristic diagnostic findings of ARMD, including accumulation of periprosthetic fluid; cystic and solid areas of tissue necrosis and pseudotumours; oedema and atrophy of muscle; avulsion of gluteal tendons (Anderson et al., 2011; Hauptfleisch et al., 2012) . Muscle disease in the gluteal region is: probably secondary to the inflammation associated with ARMD; irreversible; associated with poor outcome in revision surgery (Daniel et al., 2012; Berber et al., 2015) . Therefore, patients with large pseudotumours and/or high blood levels of metal ions should be considered for revision surgery or should remain under annual surveillance (Matharu et al., 2016) .
The clinical presentation and diagnosis of ARMD can be challenging (Lombardi et al., 2012) . Even large pseudotumours of ARMD can be asymptomatic (Williams et al., 2011) . The metal particles and ions released from MoM hip joints can affect the immune response to infection (Hosman et al., 2010) . Clinically, ARMD may mimic an indolent periprosthetic joint infection (PJI); these two conditions may even coexist (Blumenfeld et al., 2010) . Tests to distinguish between ARMD and a PJI are lacking (Della Valle et al., 2010; Wyles et al., 2013 (Makis et al., 2011) . Gallium behaves as an in vivo iron mimetic that is picked up by sites showing acute/chronic inflammation and tumours (Kumar et al., 2012 Ga]Citrate is a positron emitter with a half-life of just 68 min, allowing rapid sectional imaging using PET/CT (Nanni et al., 2010; Roivainen et al., 2012) . [ 68 Ga]Citrate has shown promising results in the detection of skeletal infections and tumours (M€ akinen et al., 2005; Nanni et al., 2010; Behr et al., 2016) .
Diagnostic and management algorithms contain no guidance for the use of nuclear imaging modalities in ARMD (Lombardi et al., 2012; Hannemann et al., 2013 
Methods
The present study is registered in the ClinicalTrials.gov database (NCT01970228). The study protocol was approved by the local institutional review board and Ethical Committee of the Hospital District of Southwest Finland, Turku, Finland (decision #81/180/2012). All participants provided written informed consent.
Patients
ARMD patients were recruited from a population of hip arthroplasty patients (n = 2203) who were recalled for safety evaluation of MoM bearings at Turku University Hospital (Turku, Finland). Patients who had symptoms and/or functional impairment were selected to undergo MARS-MRI according to national guidelines. If the MARS-MRI was in keeping with ARMD, the patient was asked to participate in the PET/CT study. The inclusion criterion was adult hip arthroplasty patients with American Society of Anesthesiology score I-III. The exclusion criteria were any related condition of the index hip which necessitated immediate surgical intervention, such as a septic infection or a periprosthetic fracture.
The selected subjects represented a consecutive sample of eligible patients. This was an exploratory prospective study for which a power analysis was not carried out.
The planned recruitment of ARMD patients (n = 10 and 2 additional patients to replace any withdrawal from the study) was undertaken between October 2012 and May 2013.
Based on the criteria of Reinartz et al. (2005) , six symptomatic hip arthroplasty patients without ARMD were recruited as controls (four females and two males with a mean age of 66Á8 AE 3Á2 years) (Fig. 1 ). There were five controls with unilateral THA and one control with bilateral THA. Five controls had conventional bearings and one had MoM bearings. The time elapsed from their THA to PET/CT was 3Á4 AE 2Á4 years.
Hip implants of adverse reactions to metal debris patients
All of 12 ARMD patients had MoM bearings in either THA or hip resurfacing arthroplasty. Five patients had unilateral THA and two patients had bilateral THA with cementless femoral stem and acetabular cup components with MoM bearings. The nine hips comprised seven large-diameter M2a-Magnum implants (Biomet, Warsaw, IN, USA) and two Durom Cup implants (Zimmer, Warsaw, IN, USA). Another three patients had unilateral hip resurfacing arthroplasties, and another two patients had bilateral hip resurfacing arthroplasties, all of which were Birmingham hip resurfacing implants (Smith and Nephew, Memphis, TN, USA). The mean time from primary surgery to PET/CT was 6Á8 (range, 1Á7-10Á1) years.
Clinical assessment and screening blood tests
All patients underwent clinical examination and routine imaging of their hips. Local symptoms such as pain were assessed using a questionnaire and visual analogue scale (VAS) of pain. The Western Ontario and McMaster Universities Osteoarthritis Index score (WOMAC) was used to evaluate functional disability on a scale from 0 (asymptomatic) to 100 (extremely symptomatic). Patients were excluded for having a PJI by following the current guidelines of the American Academy of Orthopaedic Surgeons (Della Valle et al., 2010) , including the measurement of the erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) and, if indicated, fluid aspiration of the hip joint under fluoroscopy. Serum levels of cobalt and chromium were determined, and the threshold values for unilateral and bilateral hip resurfacing arthroplasties were applied (Van der Straeten et al., 2013) .
Metal artefact reduction sequence-magnetic resonance imaging
All patients had a normal glomerular filtration rate. The patients underwent MARS-MRI with contrast medium using 1Á5-T scanners and recommended imaging protocols (Hart et al., 2009; Yanny et al., 2012) . The severity of ARMD-related changes in periprosthetic soft tissue on MARS-MRI was classified using the grading system described by Anderson et al. (2011) (Table 1) .
Acquisition of positron emission tomography and computed tomography images
After a 6-h fast, patients were studied by PET/CT. Patients were encouraged to drink water before study commencement. PET/CT (Discovery VCT; General Electric Medical Systems, Milwaukee, WI, USA) was carried out on the same day starting with [
68 Ga]Citrate PET/CT and followed, 6-h later, with 
Analyses of positron emission tomography and computed tomography images
Transaxial, coronal and sagittal images for visual analyses of the data were corrected for dead time, decay and photon attenuation. PET images were reconstructed using a fully three-dimensional maximum-likelihood ordered subset expectation maximization algorithm with two iterations, 28 subsets and a 6Á0-mm full-width half-maximum postfilter. The matrix size was 128 9 128 in a 70-cm transaxial field of view, which yielded a pixel size of 5Á5 9 5Á5 mm. [
18 F]FDG and [ 68 Ga]Citrate PET/CT images were analysed with an OsiriX PRO workstation (Aycan Medical Systems, Rochester, NY, USA). Non-attenuation-corrected PET images were also analysed.
Qualitative visual analyses of tracer distribution in periprosthetic regions were classified according to the system of (Reinartz et al., 2005) , which was developed to evaluate PET images in patients with painful THAs. The descriptive patterns used in this classification were as follows: in the femoral neck and whole prosthesis-bone interface of the acetabular cup and/or in the wide parts of the stem as a sign of mechanical loosening of the prosthesis; 5 -uptake of [ 18 F]FDG in the periprosthetic soft tissue, indicating a PJI. The measurement of the maximum standardized uptake value (SUV max ) was focussed on the region of interest (ROI) in the gluteal muscle region. A fixed-dimension circular ROI (diameter, 1Á5 cm) was positioned manually over the region in the gluteal muscles with the highest uptake, and the SUV max was calculated.
Follow-up for revision surgery
The treating orthopaedic surgeons were blinded to the SUV max values of the tracers. During the follow-up (≥3 years after imaging and ≥5 years after implantation), seven patients underwent revision surgery. The time elapsed from PET/CT to revision surgery varied between 1 and 46 months (median 4 months). Four of seven (57%) revision surgical procedures had an intraoperative finding (microscopic or macroscopic) of necrosis in the gluteal muscles (Table 2) . Intraoperative tissue samples were submitted for microbiological and histopathological analyses. All samples were negative for bacterial infection. Removed implant components were also negative for the enhanced exclusion of biofilm-type infection using ultrasonic vibration (Gomez & Patel, 2011) .
Statistical analyses
Statistical analyses were undertaken using Prism v7.01 (GraphPad, La Jolla, CA, USA). The SUV max data, expressed as the mean AE standard deviation (SD), were tested for normality using the Shapiro-Wilk test. For analyses of data with a normal distribution, the independent-sample t-test was applied to test the significance of differences between two groups. The nonparametric Kruskal-Wallis test was applied for the comparison of two subgroups (no/mild and moderate/severe) of ARMD patients with the controls. A P value<0Á05 (two-sided) was considered significant.
Results
All 12 recruited patients with ARMD (Table 2 ) completed the study. The most frequently reported symptoms were 'pain upon exercise' (11/12, 92%), 'morning stiffness' (11/12, 92%), 'night pain' (8/12, 67%), 'night sweats' (7/12, 58%), 'sensation of heat' (6/12, 50%), 'chills' (4/12, 33%), 'fever' F]FDG uptake in the periprosthetic area. The most common finding in 12 (75%) of 16 hips was tracer uptake in the area of the femoral neck alone (pattern 2) or tracer uptake in the femoral neck and parts of the prosthesis-bone interface (pattern 3). The distribution of [
18 F]FDG uptake in the periprosthetic soft tissues (especially in the gluteal muscles) resembled a pattern seen typically in infection of three (19%) hips (Fig. 2a) . These accumulations were also verified on non-attenuation-corrected images, and only one patient was regarded as showing false-positive tracer uptake due to CT-based attenuation correction artefact in soft tissues. In the gluteal muscle region, the SUV max values of [ 18 F] FDG were significantly greater in hips with moderate or severe ARMD compared with hips of the controls (P = 0Á009) (Fig. 3) . Patients who had necrosis in the gluteal muscles who had no necrosis in the gluteal muscles (Fig. 4) . There was no statistically significance (P = 0Á164) in SUV max of [ 18 F]FDG between patients who needed revision surgery within the follow-up period (n = 7) and patients who did not (n = 5) (3Á43 AE 1Á75 and 2Á38 AE 1Á11, respectively). Citrate were not significantly different in hips with moderate or severe ARMD than in the control hips (P = 0Á217) (Fig. 3) patients with an intraoperative finding of gluteal muscle necrosis compared with patients with no necrosis of the gluteal muscles (P = 0Á301) or who did not need revision surgery (Fig. 4) . 68 Ga]Citrate PET/CT (Fig. 2b) Such cases suggest that the scans may not be able to exclude a PJI in ARMD with severe inflammation and necrosis. The selection of the gluteal muscle region for the measurement of SUV max was based on clinical relevance. The hip abductors are critical for the normal function and stability of the joint after hip arthroplasty. The gluteal muscles and tendons are affected frequently by the metal-wear debris of ARMD and cause functional deficits (Hosman et al., 2010) and a high prevalence of complications upon revision surgery (Grammatopolous et al., 2009) . Therefore, screening of ARMD patients should accurately detect changes in the gluteal muscles and help to identify patients who need immediate surgical intervention (Berber et al., 2015) (Matharu et al., 2016) . Patients are also hesitant to have patients without ARMD. Our study had three main limitations. First, the small study cohort limited the interpretation of the results. This was the first study PET/CT study conducted on ARMD patients, and the planned number of participants was limited due to ethical reasons. The difficulties in recruitment of the planned controls reflected the low prevalence of complications. The current prevalence of revision for mechanical loosening is only 1Á4%, and the prevalence of infection in THA patients is 0Á5% (Hailer et al., 2015) . Second, PET studies of arthroplasty patients (Reinartz et al., 2005; Basu et al., 2014) have used single-modality PET, whereas we applied PET/CT with potential problems due to metal artefacts. Third, we had no readily available reference to interpret the unique uptake of tracer in patients with ARMD. We adopted the Reinartz classification (Reinartz et al., 2005) for the qualitative visual analyses of tracer distribution in periprosthetic areas, which were developed originally for the differentiation of periprosthetic infection and mechanical loosening. This system was not sufficient to describe the characteristic distribution of tracer uptake in ARMD patients, and we chose measurement of the SUV max value of the gluteal muscle region as an additional parameter. SUV max measurements of tracer uptake were undertaken at a distance from the metal components. There was no major uptake of the tracers in the gluteal muscle region in the control patients.
Conclusions
There are four main conclusions to this study. First, the inflammatory pathophysiology of moderate and severe ARMD leads to the high uptake of [ 
